Cellular responses to external stimuli depend on dynamic features of multi-pathway network signaling; thus, the behavior is of a cell is influenced in a complex manner by its environment and by intrinsic properties. Methods of multi-variate systems analysis have provided an understanding of these convoluted effects, but to date this has been only for relatively simplified in vitro cell culture examples. An unaddressed question is whether such approaches can be successfully brought to bear on in vivo conditions. We have analyzed the in vivo signaling network that determines the response of intestinal epithelial cells to the pro-inflammatory cytokine tumor necrosis factor α (TNF-α). We built data-driven, partial least-squares discriminant analysis (PLSDA) models based on signaling, apoptotic, and proliferative responses in the mouse small intestinal epithelium after systemic exposure to TNF-α. We identified the extracellular signalregulated kinase (ERK) signaling axis as a critical modulator of the temporal variation in apoptosis at different doses of TNF-α, as well as the spatial variation in proliferative responses in distinct intestinal regions. Pharmacologic inhibition of MEK, a mitogen-activated protein kinase kinase upstream of ERK, integrally altered the signaling network and changed the temporal and spatial phenotypes in accordance with a priori model predictions. Our results demonstrate the dynamic, adaptive nature of in vivo signaling networks and identify natural, tissue-level variation in response phenotypes that can be deconvoluted only with quantitative, multi-variate computational modeling. To our knowledge, this is the first study to apply computational
SUPPLEMENTARY MATERIALS
. Basal levels of proliferation and apoptosis in the small intestinal epithelium. 
INTRODUCTION
Inflammation is a critical physiological process in which the body mounts a response to infection or injury by mobilizing hematopoetic cells to the afflicted area to promote tissue repair. Under conditions of recurrent infection or autoimmunity, inflammation can become chronic and debilitating. A prime example of chronic inflammation is inflammatory bowel disease (IBD), an autoimmune disorder that affects approximately 0.4% of the population worldwide (1) . A major component of the pathology of IBD is the disruption of normal intestinal epithelial homeostasis, which is presumably elicited by cytokines that are produced by the invading inflammatory cells (2) . Because of the central role of intestinal epithelial proliferation and apoptosis in maintaining normal intestinal epithelial homeostasis, it is important to understand how these functional behaviors become dysregulated by exposure to inflammatory cytokines.
Tumor necrosis factor α (TNF-α) is an inflammatory cytokine that activates both pro-death and pro-survival pathways downstream of two receptors, TNFR1 and TNFR2 (3) . Dysregulation of TNF-α drives chronic inflammation in humans and mice and antibodybased therapy against TNF-α is used clinically to treat IBD (4) (5) (6) . The cellular responses that result from engagement of TNFR1 and TNFR2 by TNF-α are varied and complex, as evidenced by conflicting reports of the functions of both receptors. In neurons and cardiomyocytes, TNFR1 is involved in cell death, but TNFR2 plays a protective role (7) (8) (9) (10) (11) . In the intestinal epithelium, both TNFR1 and TNFR2 are thought to be pro-death (12) , whereas other studies have reported that TNFR1 is pro-survival in this tissue (13) . Clearly, the phenotypic responses induced by TNF-α are highly context-dependent. Although the molecular pathways that operate downstream of TNFR1 and TNFR2 have been carefully delineated, the network level interactions across multiple pathways that affect phenotypic responses to TNF-α remain largely unknown.
Studies have shown that the regulation of TNF-α-induced apoptosis of epithelial cells involves quantitative integration of multiple signaling pathways downstream of the activation of TNFRs (14, 15) , but these investigations were performed in vitro, and subsequent studies have shown that the in vitro cellular response to TNF-α is highly sensitive to the cellular genotype (16) . Indeed, it remains unclear whether the TNF-α molecular machinery deciphered in vitro, primarily in transformed cell lines, operates in vivo. Moving the integrative systems analysis approach into an in vivo setting, and into a disease-relevant context, has heretofore remained a major challenge. Here, we have used systems biology to analyze the response of the intestinal epithelium to systemic TNF-α. Because our study was performed entirely in vivo, we have characterized the molecular and cellular responses of wild-type epithelial cells to TNF-α in their natural physiological context.
RESULTS

TNF-α elicits distinct phenotypic responses in different regions of the small intestine
To begin to understand the epithelial response to inflammatory cytokines, we measured the acute apoptotic and proliferative responses of the mouse intestinal epithelium to systemic TNF-α. We initially chose to treat animals with a single bolus of 5 µg of recombinant mouse TNF-α based both on published studies of the physiological effects of exogenous TNF-α in mice and on preliminary studies performed in our laboratory to assess the magnitude of the induction of apoptosis in the intestinal epithelium by various doses of TNF-α (17, 18) . This dose (5 µg) of recombinant cytokine produces a transient spike in the amount of TNF-α in the tissue that is approximately five-fold higher than the basal amount in the intestine and three-fold higher than the amount of tissue TNF-α in a genetic model of inflammatory bowel disease (19) . Here, we found that the responses to systemic TNF-α were qualitatively variable along the longitudinal length of the small intestine. The magnitude of TNF-α-induced apoptosis decreased from the duodenum to the ileum, as observed by immunohistochemical analysis of cleaved caspase 3, whereas the reverse was true for proliferation, as assessed by immunohistochemical analysis of phosphorylated histone H3 (Fig. 1A and fig. S1 ).
We speculated that the variation in phenotypes among the different regions of the intestine might have been because we measured apoptotic and proliferative responses at single time points. To explore the phenotypic variation in more detail, we designed an experiment that could quantitatively measure the phenotypic responses to TNF-α in the different regions of the small intestine in a dynamic fashion (Fig. 1B) . A time course revealed that the ileum was intrinsically resistant to TNF-α-induced apoptosis, but that the kinetics of cell death induction in the duodenum were dose-dependent (Fig. 1C) . Whereas the apoptotic response in the duodenum gradually peaked at 4 hours after systemic treatment with 5 µg of TNF-α, apoptosis was abruptly induced earlier (peaking at 2 hours) after treatment with a higher dose (10 µg) of TNF-α. Coincident with TNF-α-induced apoptosis in the duodenum, proliferation was largely suppressed in this region early after TNF-α treatment (Fig. 1D ). Early proliferative arrest was not observed in the ileum (Fig. 1D ).
We next explored whether the initial cellular sensing of the extracellular TNF-α signal might account for the different phenotypes observed in the duodenum and ileum. Indeed, the differential abundance of TNFR1, as assessed by quantitative Western blotting analysis, correlated with the apoptotic phenotypes of the duodenum and ileum ( fig. S2A ). Immunohistochemical analysis of TNFR1 revealed that the differences in the overall amounts of receptor protein that were detected by Western blotting were not due simply to a quantitative reduction in its abundance, but also involved a substantial restriction of its expression pattern within the villus of the ileum ( fig. S2A ). In contrast, the abundance of TNFR2 appeared to be consistent between the different intestinal regions ( fig. S2B ). Nevertheless, although the amount of TNFR1 was substantially reduced in the ileum relative to that in the duodenum, analysis of TNFR1-null animals demonstrated that TNF-α-induced signaling required TNFR1, regardless of the region ( fig. S2C ). Loss of TNFR2 partially abrogated TNF-α-induced activation of some, but not all, signals in both regions ( fig. S2C ). Thus, there was no simple correlation between the amounts of TNFR1 and TNFR2 and the phenotypic effects of TNF-α in the duodenum and ileum.
Large-scale signaling data can be collected from an in vivo system
Given the seemingly complex relationship between the abundances of the TNFRs and the phenotypic response to TNF-α, we surmised that taking a network view of the regional, temporal, and dose-dependent differences in the downstream signaling network might shed light on the pathways that modulate TNF-α responses in the intestinal epithelium. To this end, we analyzed signaling in lysates prepared from intestinal samples corresponding to the time course and locations specified in the experimental scheme (Fig. 1B) . In total, we created a cue-signal-response dataset that included 3,080 data points (55 mice, 2 regions per mouse, 14 signals per sample, in technical duplicates) composed of phosphorylated proteins that represent critical nodes in various signaling pathways (Fig. 2 and fig. S3 ). Concentrations of phosphorylated proteins were measured with a Luminex-based capture method, which measures the relative amounts of phosphorylated protein over a large linear range. As might be expected from an in vivo experiment, there was inter-animal variability in the dataset. The dynamics of signaling were also highly variable between some phosphorylated proteins, and we also observed region-and dose-dependent differences in signaling amplitude and dynamics ( fig. S4 ).
Quantitative Western blotting analysis indicated that, for the majority of the proteins assayed, the differences in TNF-α signaling between the duodenum and ileum could not be explained by differences in the total amounts of a given signaling protein ( fig. S5A ). Two notable exceptions were c-Jun and Atf2, which were more abundant in the duodenum than in the ileum, and whose phosphorylated forms were increased in abundance in the duodenum after exposure to TNF-α (figs. S4 and S5A). In addition to Western blotting, we used immunohistochemistry to determine the localization of TNF-α-induced protein phosphorylation within the intestine. This analysis demonstrated that signal activation was localized to the intestinal epithelium and not to cells resident in the underlying mesenchyme ( fig. S5B ).
Partial least squares discriminant analysis (PLSDA) modeling deconvolutes complex in vivo signaling data
To delineate the variation that existed within our signaling dataset, we performed hierarchical clustering of the signaling data, which successfully separated the dataset by region (duodenum versus ileum, Fig. 2 ). Nevertheless, representation of the dataset in the full signaling space prevented our identification of the underlying signals that contributed to the separation of data, as exemplified by the uninformative clustering of the signals themselves. Moreover, when we performed principal component analysis (PCA) of the signaling dataset we could cluster the data by time in an unsupervised manner ( fig. S6A ), demonstrating that the data contained biologically meaningful variation.
To develop a predictive classification model that described the temporal variation in TNF-α-induced apoptosis and the spatial variation in proliferation, we used a PCA-based approach called partial least squares discriminant analysis (PLSDA). The principle behind a PLSDA is twofold: (1) the compression of complex multi-dimensional independent variable space into simpler lower dimensional latent variable (LV) space based on covariance and (2) the statistical correlation of independent variables to dependent variables. The advantage of PLS methods is that a quantitative and predictive model can be constructed using only a few latent variables instead of many variables, making it easier to interpret. The latent variables themselves are vector projections of individual phospho-protein signals, termed "loadings," while the dependent variable projections onto latent variable space are called scores (20) . We classified the cellular phenotypes into three groups-(i) late apoptosis and arrest, (ii) early apoptosis and arrest, and (iii) no apoptosis and proliferation-and used the signaling time courses as a whole for classification. We selected a two-LV PLSDA model based on the lowest classification error of calibration and cross validation ( fig. S6 , B to D). The model distinctly classified the scores, with LV 1 accounting for regional variability (the presence or absence of proliferative arrest) in the small intestine, whereas LV 2 described temporal variability in the duodenum (early or late apoptotic peak) (Fig. 3A) . With respect to the signals that constitute the LVs, phosphorylation of ATF2 and c-JUN correlated with apoptosis or growth arrest in the duodenum (Fig. 3B ). Significant regional-or dosedependent differences were observed if these signaling time courses were considered individually (Fig. 3C ). Late phosphorylation of extracellular signal-regulated kinase ERK, MEK, and RSK correlated with the early apoptotic peak in the duodenum, but transient phosphorylation of ERK, MEK, and P38 mitogen-activated protein kinase correlated with resistance to proliferative arrest in the ileum (Fig. 3B ). This result suggests that two separate waves of MAPK activation occurred in response to TNF-α in the intestinal epithelium, with different functional roles and contexts. The early peak occurred only in the ileum and might be responsible for the maintenance of proliferation following exposure to TNF-α. Early activation of MEK and ERK was substantially reduced in the duodenum, which presumably led to proliferative arrest, which occurred concurrently with TNF-α-induced apoptosis. Under conditions of higher dose (10 µg) of TNF-α in the duodenum, we observed an earlier and more transient cell death response, as opposed to the more gentle and later response to low-dose TNF-α. In this case, we speculated that increased MEK-ERK-RSK signaling was required to maintain homeostasis in the context of a stronger cell death signal, and that this was achieved by sustaining cell survival mechanisms for a longer period of time through a secondary signaling peak. Based on this reasoning, we hypothesized that pharmacologic perturbation of the MAPK signaling axis might alter the apoptotic and proliferative responses of the small intestinal epithelium to systemic TNF-α in a temporally and spatially differential manner.
Inhibition of MEK differentially affects TNF-α-induced apoptosis and proliferation
To test this hypothesis, we treated animals with PD325901, a potent and selective inhibitor of MEK (21), for two hours before systemic injection with TNF-α (5 µg). From these animals (and the corresponding vehicle-treated control mice), we collected a second signaling dataset that consisted of 1,680 data points (30 animals, 2 regions per animal, 14 signals per sample, in technical duplicates) ( fig. S7 ). With our PLSDA model, we applied these signaling data to the derived mathematical function to predict the ultimate phenotypic effect of the inhibition of MEK on TNF-α-induced apoptosis and proliferation in the small intestine. Instead of becoming classified into class 1, similar to the duodenal samples that were treated with 5 µg of TNF-α alone ( fig. S8A ), the MEK-inhibited duodenal samples were classified into class 2, similar to duodenal samples treated with 10 µg of TNF-α alone (Fig. 4A) . As expected, these samples did not classify into class 3, which consists of ileal samples ( fig. S8B ).
This result can be represented by a shift of the samples along LV2 from the lower left quadrant into the upper left quadrant in our scores plot, predicting that the inhibition of MEK would alter the TNF-α-induced apoptotic response by shifting the apoptotic peak from late to early (Fig. 4B) . Note that the MEK-inhibited samples shifted within the distribution of the original model, confirming that the two datasets maintain common network-level relationships between signals and responses, conceptually consistent with previous in vitro findings (14, 15) . We verified that the inhibition of MEK suppressed the phosphorylation of ERK while increasing the extent of phosphorylation of MEK itself (fig. S8, C and D), and we then experimentally confirmed our prediction. The apoptotic time course of MEKinhibited duodenal samples was shifted to an earlier profile, consistent with samples treated with 10 µg of TNF-α (Fig. 4C ). This analysis demonstrates the ability of our model to predict the temporal variation in apoptosis in the duodenum.
To predict the effect of modulation of MEK and ERK on proliferation in the small intestine, we first performed PLSDA on our new dataset to examine signaling relationships after MEK inhibition ( fig. S9A ). The status of c-JUN and ATF2 remained unchanged after MEK inhibition, again correlating positively with the duodenum and negatively with the ileum (fig. S9B ). As further support for the association of c-JUN and ATF2 with the duodenum, we found that this pathway was activated during TNF-α-induced apoptosis, a process that does not occur in the ileum (22) (23) (24) . Because c-JUN and ATF2 could always be used to distinguish the duodenum from the ileum, we omitted them from our subsequent prediction to examine the effect of MEK inhibition on the spatial variation in proliferation in the intestine. As a control, we entered the ileal samples from our calibration dataset, without c-JUN and ATF2, into our predictive model. Removing c-JUN and ATF2 was not sufficient to shift the samples away from class 3 (no apoptosis and proliferation), which consists of ileal samples ( fig. S9C) . We then applied the ileal portion of our MEK-inhibited signaling dataset to our model with the same criterion. MEK-inhibited ileal samples now classified into both class 1 (Fig. 5A) , similar to the duodenum treated with 5 µg of TNF-α, and into class 3 ( fig.  S9D ). This result was also represented by a partial shift of our samples from the right side to the left side along LV1 in our scores plot, predicting that inhibition of MEK would sensitize the ileum to TNF-α-induced arrest of proliferation (Fig. 5B) . Our experimental results validated our prediction, such that MEK inhibition caused partial proliferative arrest in the ileum in response to systemic treatment with 5 µg of TNF-α (Fig. 5C) , demonstrating the ability of our model to describe the spatial variation in the regulation of proliferation.
Inhibition of MEK broadly affects the cellular network in a multi-pathway manner
Our global signaling datasets also enabled us to assess whether the molecular effects of MEK inhibition were restricted to the MAPK pathway, or whether there were widespread signaling changes throughout the network. We applied PLSDA to duodenal samples treated with 5 µg of TNF-α that were also treated with PD325901 (Fig. 6A) . As expected, transient ERK and RSK activation were anti-correlative with MEK inhibition, confirming that these kinases were downstream of MEK in this context (Fig. 6B) . A host of late phosphorylation events were increased under conditions of MEK inhibition, similar to the late activation of the MEK-ERK-RSK pathway in duodenal tissues treated with 10 µg of TNF-α alone. Among these signals were AKT, S6, and, unexpectedly, RSK, which we assume was activated through a MEK-ERK-independent pathway in the presence of PD325901 (Fig.  6C) . These results suggest that, in the absence of their primary, pro-survival response to TNF-α (that is, MEK-ERK signaling), intestinal epithelial cells can divert the pro-survival signal through an alternate parallel pathway (that is, through AKT and S6).
We then examined the predictive ability of our model without systems-level, multivariate information; that is, by assuming that a perturbation would affect only a single pathway. To test MEK inhibition in this context, we set the level of ERK phosphorylation to zero in our calibration dataset without changing any other values, and then applied this dataset to our predictive model. In contrast to the experimental dataset, the duodenal samples from this artificial MEK-inhibited dataset remained in the lower left quadrant (Fig. 7A) . This univariate approach thus generated a prediction that the phenotypic response would not change after inhibition of MEK, which was contrary to the experimental data. The ileal samples shifted to the left along LV1, similar to the experimental MEK-inhibited dataset, supporting a phenotypic change dominated by the single pathway modulation (Fig. 7B) . Together, these results demonstrate that a multivariate systems approach is needed to understand the integrated operation of some biological pathways and phenomena, whereas a singlepathway, reductionist approach is sufficient to understand others.
DISCUSSION
TNF-α is a pleiotropic signaling molecule that induces both pro-death and pro-survival signals under different circumstances. Physiologically, TNF-α is a critical regulator of inflammatory responses, but the phenotypic effects of inflammatory TNF-α on specific organs are context-dependent. As such, it is critical to study the biological effects of this inflammatory cytokine in the natural tissue environment. In this study, we evaluated the response of the mouse small intestinal epithelium to TNF-α, which drives the onset and progression of IBD. Even within this singular organ, the epithelial response to TNF-α was highly dependent upon regional context (Fig. 1A) . In the duodenum, TNF-α strongly induced apoptosis, the timing of which was dependent upon the amount of circulating TNF-α (Fig. 1C) . In the ileum, TNF-α did not induce apoptosis, but instead induced proliferation (Fig. 1D) . This natural physiological variation formed the foundation for our efforts to use quantitative computational modeling to integrate TNF-α-induced signaling with overall cellular response in vivo. Our model implicated ERK signaling in both the temporal and spatial phenotypic variations associated with TNF-α in this system. The ERK pathway is primarily known as a mitogenic pathway that induces proliferation upon growth factor stimulation, but it also performs a constellation of other functions. ERK is multifunctional by virtue of its two structurally distinct substrate-docking sites. The docking site for ERK, FXFP (DEF)-domain regulates the phosphorylation and activation of nuclear transcription factors, such as ELK-1, that control proliferation, whereas the Ddomain regulates the activation of cytoplasmic targets, such as RSK (25) . RAK acts downstream of the ERK pathway to promote cell survival (26) . As with TNF-α, however, the survival function of ERK is highly context-dependent. Whereas ERK signaling is typically associated with enhanced survival, ERK promotes cell death in response to interferon-γ (IFN-γ) by phosphorylating death-associated protein kinase (DAPK), which, like RSK, binds to ERK through a D-domain (27) .
Evidently, the context in which ERK is activated determines the functional outcome. In this study, we discovered that the temporal and regional context of ERK activation was indicative of the phenotypic outcome. We observed two different patterns of ERK activation by TNF-α, an early phase in the ileum and a late phase in the duodenum. The early activation of ERK in the ileum was likely due to the direct activation of the pathway by TNF-α (28-32). Based on our computational model, we hypothesized that early ERK signaling in the ileum was important for maintaining a basal extent of proliferation in the presence of TNF-α. Indeed, when we inhibited MEK pharmacologically, TNF-α suppressed cellular proliferation in the ileum, just as it did in the duodenum (Fig. 5C ). Note that this proliferative phenotype was not directly connected to apoptosis, as evidenced by the inability of TNF-α to induce apoptosis in the ileum in the context of MEK inhibition. Moreover, the timing of the ERK effect on proliferation (30 min after treatment with TNF-α) indicated that it was not a compensatory mechanism to account for the widespread apoptosis that occurred 2 to 4 hours after exposure to TNF-α, but rather a direct effect of TNF-α on cellular proliferative pathways. Thus, in this context, ERK activation in the presence of TNF-α enabled the intestinal epithelium to maintain its normally high proliferative index. TNF-α-induced hyperproliferation occurred in the ileum 2 to 4 hours after treatment, but this phenotype appeared to be largely ERK-independent (Fig. 5C ).
The duodenum differed from the ileum with respect to its cellular response to TNF-α and also in the kinetics of ERK activation after exposure. Early apoptosis (2 hours after treatment with 10 µg of TNF-α) was associated with a secondary ERK activation 4 hours after exposure ( fig. S4) . Judging from the relationship between the apoptotic peak at 2 hours after TNF-α treatment and ERK signaling at 4 hours, ERK signaling in the duodenum, although correlative with apoptosis, was probably not causal. Instead, it likely reflected the adjustment of the signaling network to adapt to a new phenotypic state. Nevertheless, our model predicted that the temporal apoptotic phenotype could be modulated indirectly by perturbing ERK signaling. As predicted, pharmacologic inhibition of MEK shifted the apoptotic time course to an earlier time in animals treated with a low dose of TNF-α (Fig.  4C) . The mechanisms underlying the late activation of ERK after exposure to a high dose of TNF-α in the duodenum remain to be elucidated, but may include autocrine or paracrine signals that are released into the microenvironment.
In addition to deciphering the complex role of ERK signaling in TNF-α-induced proliferation and apoptosis in the intestinal epithelium, our study demonstrates the importance of network-level regulation of complex phenotypes, and indicates that models based on local pathway changes will have limited predictive use. Indeed, our results demonstrated that perturbation of a single node (MEK) in the signaling network not only affected the neighboring nodes (ERK), but also altered the state of the entire network (Fig.  6C) . The physiological relevance of this observation is clear in that most diseases result from complex perturbations of the signaling network that are secondary to both environmental and genetic factors. As a result, targeted therapies designed solely to directly inhibit a chronically dysregulated pathway may not have the predicted effects, because the whole network may have adapted to a new signaling state. Indeed, drug-induced perturbations can cause widespread changes in gene expression and signaling in cell lines (33, 34) . There are two underlying causes of these network level changes: primary off-target effects of drugs, which can be resolved with more critical design of specific molecules, and pathway feedback or cross-talk, or both, which can only be resolved through deeper understanding and new methods of analysis (35, 36) . Given the high specificity of PD325901 for MEK (21) , the network-level changes observed in our experiment likely resulted from feedback and cross-talk between the MAPK pathway and the rest of the network.
The discrepancy in the responses of the duodenum and ileum to TNF-α represents a example of how subtle changes in natural physiology can strongly affect phenotypic outcome. These subtle variations that occur in vivo are virtually impossible to study in vitro. In tissues, cells undergo differentiation, interact directly with homologous and heterologous cell types, and receive signals from the extracellular microenvironment. All of these interactions can provide cues that affect the cellular response to perturbation. Measuring a wide range of nodes in the global signaling network provides "surrogate" information that can integrate activities distributed across many pathways (15) . Our study demonstrates that enough surrogate information can be captured in our signaling dataset to describe the in vivo context. This surrogate information can be analyzed and understood by multivariate, datadriven models, as applied previously to in vitro cell culture systems. For any biological phenomenon, the transition from an in vitro to in vivo system represents a giant leap in understanding and application. Our study provides a case that demonstrates how networklevel signaling information can be used to depict in vivo apoptotic and proliferative phenotypes, and to generate testable hypotheses from model predictions.
Together, our study demonstrates that systems-level approaches can be applied to in vivo systems and will ultimately be useful for understanding complex physiological phenotypes. Indeed, a more thorough understanding of signaling pathway circuitry and, in particular, signaling perturbations in pathological contexts, is critical to developing new therapies.
MATERIALS AND METHODS
Animals, treatments, and tissue isolation
All of the animals used in this study, including TNFR1 and TNFR2 knockout mice, were eight-week-old males on a C57BL/6J genetic background (Jackson Laboratory). In our initial experiment, animals were anesthetized with Avertin (tribromoethanol, 250 mg/kg) and then administered 5 or 10 µg of recombinant mouse TNF-α (Abazyme) in phosphatebuffered saline (PBS, 50 µl total volume) by retro-orbital injection. These mice were sacrificed according to a time course after TNF-α treatment. Control animals were anesthetized, injected with PBS (50 µl) by retro-orbital injection, and then sacrificed two hours later. For the MEK inhibition experiment, animals were anesthetized with Avertin and then treated with PD325901 (12.5 mg/kg, ChemieTek), solubilized with 10% DMSO in PBS, by retro-orbital injection. Two hours later, animals were again anesthetized and treated with TNF-α, as in the original experiment. In this experiment, control animals were pretreated with vehicle two hours prior to TNF-α. After treatment with TNF-α, animals were sacrificed and the small intestine was removed and rinsed in PBS. Duodenal and ileal tissues were lysed and homogenized immediately in Bio-Plex lysis buffer (Bio-Rad), or else fixed with formalin for subsequent immunohistochemical analysis. Duodenal samples were obtained from the 1 cm of small intestinal immediately adjacent to the stomach. Ileal samples were obtained from the 3 cm of small intestine immediately adjacent to the cecum. All animal work performed in this study was undertaken according to approved protocols and animal welfare regulations as put forth by the Subcommittee on Research Animal Care at the MGH.
Quantification of apoptosis and proliferation
Apoptosis was measured by performing quantitative Western blotting analysis of the amount of cleaved caspase 3 in the same tissue lysates that were used for Bio-Plex signaling analysis. Thus, each region from an individual animal represents a single measurement. Western blots were quantified on a Li-Cor Odyssey infrared imaging system. Proliferation was quantified by immunohistochemistry for the presence of phosphorylated histone H3, using standard methodology. Briefly, tissue sections (5 µm) of duodenum or ileum were screened for crypts that were sectioned longitudinally. In these crypts, the number of cells that contained phosphorylated histone H3 was counted. Because each intestinal crypt is an independent clonal unit, each count represents an individual measurement. In total, approximately 2,300 crypts were counted from the 85 animals in the study.
Bio-Plex signaling analysis
The dataset consisting of quantitative measurements of protein phosphorylation was collected from lysed samples by Bio-Plex (Bio-Rad) with available phospho-signaling assay kits: phosphorylated inhibitor of nuclear factor κβ α (pIκβα, Ser 32 , and total MEK1. Tissue lysates were quantified by BCA (Pierce), and equal amounts of protein from each sample were used for the Bio-Plex assays: 4 µg of proteins were used for assays of pJNK, pAKT, pSTAT3 (Tyr 705 ), and pATF2, whereas 1.5 µg of proteins were used for the rest of the assays. These protein amounts were determined experimentally to be within the linear ranges of activity of these assays on small intestinal tissue samples prior to this analysis. All protein phosphorylation measurements were normalized to a common control cell line lysate for assays between plates to be comparable. The dataset was also normalized based on the amounts of total MEK, an internal control assay, but the results obtained were not significantly different from those obtained without performing this normalization.
Protein analysis
Quantitative Western blotting analysis was performed with the LiCor Odyssey platform, with antibodies (from Cell Signaling Technologies) against the following proteins: Iκβα, JNK, MEK1,2, ERK1,2, RSK1,2,3, P38, c-JUN, ATF2, AKT, S6, STAT3, and cleaved caspase 3. Antibodies against TNFR1 and TNFR2 were from Santa Cruz Biotechnology. Immunohistochemistry was performed by standard protocols with antibodies from Cell Signaling Technologies for cleaved caspase 3, phosphorylated histone H3, and pc-JUN (Ser 63 ).
Quantitative modeling
Heat maps and hierarchical clustering of the dataset were generated with the Bioinformatics toolbox in Matlab (Mathworks). Statistical models were constructed with Matlab PLS Toolbox 5.5 (Eigenvector), with each replicate mouse treated as an individual sample instead of the average, so that the model could account for biological variability. Data were normalized by mean-centering and variance-scaling. For PCA modeling, the input matrix was organized such that the samples were combinations of mouse, region, dose, and time to capture protein phosphorylation measurements that covariate together with time. For PLSDA, the input matrix was organized such that all time points of the time courses for all signals were included for each sample (for each combination of mouse, region, and dose). Cross validation was performed with the contiguous block method.
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